Herrik KF, Christophersen P, Shepard PD. Pharmacological modulation of the gating properties of small conductance Ca 2ϩ -activated K ϩ channels alters the firing pattern of dopamine neurons in vivo. J Neurophysiol 104: 1726 -1735, 2010. First published July 21, 2010 doi:10.1152/jn.01126.2009. Dopamine (DA) neurons are autonomous pacemakers that occasionally fire bursts of action potentials, discharge patterns thought to reflect tonic and phasic DA signaling, respectively. Pacemaker activity depends on the concerted and cyclic interplay between intrinsic ion channels with small conductance Ca 2ϩ -activated K ϩ (SK) channels playing an important role. Bursting activity is synaptically initiated but neither the transmitters nor the specific ion conductances involved have been definitively identified. Physiological and pharmacological regulation of SK channel Ca 2ϩ sensitivity has recently been demonstrated and could represent a powerful means of modulating the expression of tonic/phasic signaling in DA neurons in vivo. To test this premise, we characterized the effects of intravenous administration of the novel positive and negative SK channel modulators NS309 and NS8593, respectively, on the spontaneous activity of substantia nigra pars compacta DA neurons in anesthetized C57BL/6 mice. NS309, dose-dependently decreased DA cell firing rate, increased the proportion of regular firing cells, and eventually stopped spontaneous firing. By contrast, systemic administration of the negative SK channel modulator NS8593 increased firing rate and shifted the pattern toward increased irregularity/bursting; an effect similar to local application of the pore blocking peptide apamin. The altered firing patterns resulting from inhibiting SK currents persisted independently of changes in firing rates induced by administration of DA autoreceptor agonists/antagonists. We conclude that pharmacological modulation of SK channel Ca 2ϩ -sensitivity represents a powerful mechanism for switching DA neuron firing activity between tonic and phasic signaling modalities in vivo.
I N T R O D U C T I O N
Dopamine (DA) neurons in the substantia nigra pars compacta (SNc) exhibit a complex firing pattern consisting of regular or irregular single spike firing accompanied by intermittent bursting activity (Grace and Bunney 1984a,b) . In general, these regular/irregular and burst firing modes are thought to represent the electrophysiological correlates of tonic and phasic DA signaling, respectively (Grace 1991). Tonic DA levels, resulting from irregular single spike firing, have been proposed to establish a set point for homeostatic mechanisms (Floresco et al. 2003 ; Grace 1991) while periodic bursting activity, which results in subsecond DA transients (Garris et al. 1994; Gonon 1988; Venton et al. 2003; Wightman et al. 2007 ), has been implicated in reward signaling and action selection (Schultz 2007; Sombers et al. 2009) .
It is well established that the SK3 type of small conductance Ca 2ϩ -activated K ϩ (SK) channels play a central role in regulating the firing pattern of DA neurons (Wolfart et al. 2001) . SK channel blockers reduce the medium duration afterhyperpolarization (mAHP) following single spikes and promote irregular firing and bursting activity in vitro Bunney 1988, 1991) . Blockers of SK channels also induce burst firing in vivo (Ji and Shepard 2006; Waroux et al. 2005) underscoring the role of these channels in regulating DA cell firing pattern. SK channels are voltage-independent and gated solely by the binding of intracellular Ca 2ϩ to calmodulin (CaM), which is constitutively bound to the channel protein (Xia et al. 1998) . Signaling mechanisms play a prominent role in modulating SK channel activity by altering the phosphorylation state of SK2 (and possibly SK3) channel associated CaM and its apparent affinity for intracellular Ca 2ϩ (Allen et al. 2007; Bildl et al. 2004; Maingret et al. 2008 ) and cellular localization (Faber et al. 2008; Lin et al. 2008; Ren et al. 2006) . SK channel gating can be influenced by several pharmacological agents. In addition to the prototypical pore blockers (e.g., apamin, bicuculline), negative SK channel modulators (e.g., NS8593) reduce the apparent sensitivity of the CaM/ channel complex for intracellular Ca 2ϩ . Positive SK channel modulators, including 1-EBIO and NS309, enhance the SK conductance by increasing the apparent sensitivity for Ca 2ϩ (Hougaard et al. 2007; Pedarzani et al. 2001; Sorensen et al. 2008; Strøbaek et al. 2006) . In vitro, negative modulation of SK channel Ca 2ϩ sensitivity induces burst firing an effect that is surmounted by the positive modulator NS309 (Ji et al. 2009 ). Here, we extend these findings by showing that increasing or decreasing the apparent Ca 2ϩ sensitivity of SK channels in vivo can drive the firing of DA neurons into highly regular or bursty modes, respectively, suggesting that pharmacological modulation of SK channel Ca 2ϩ sensitivity could serve as a mechanism for altering tonic/phasic DA signaling.
M E T H O D S

Animals
All experiments were performed on adult, male C57BL/6 mice (20 -30 g, 8 -12 wk) , Charles River, Wilmington, MA; or Taconic M and B, Ry, Denmark). After arrival, mice were allowed a minimum of 7 days of acclimatization before testing. Animals were housed in groups of four to six in temperature controlled vivaria under 12-h light/dark cycles with unrestricted access to food and water. All experiments were conducted in strict accordance with the procedures outlined in the Guide for Care and Use of Laboratory Animals, the policies adopted by the Society for Neuroscience, and the Danish Committee for Experiments on Animals. Testing occurred between 9:00 am and 5:00 pm.
Single-unit recordings
Mice were anesthetized with urethane (1.8 g/kg ip). The femoral vein was cannulated for intravenous (iv) administration of test drugs, and the mouse mounted in a stereotaxic frame (Kopf, Tujunga, CA). A feedback-controlled heating pad (FHC, Bowdoinham, ME), maintained the body temperature of the mice at 37°C. Following a midline incision and reflection of underlying tissues, a small burr hole was drilled in the skull directly over the ventral midbrain. Borosilicate glass capillary (1.5 mm OD, WPI, Sarasota, FL) was pulled to a fine tip, backfilled with 1 M NaCl containing 2% Fast Green FCF dye (Sigma-Aldrich, St. Louis, MO) and broken back to achieve a final in vitro impedance of 2-3 M⍀. Microelectrodes were stereotaxically positioned within the SNc (2.5-4.2 mm posterior to bregma, 0.9 -1.5 mm lateral to the midline and 3.8 -4.5 mm ventral from brain surface (flat skull) using a Kopf 2660 micropositioner (Bilaney Consultants GmbH, Düsseldorf, Germany) and used to record single-unit activity. Recorded electrode potentials were passed to a high-impedance A/C amplifier (CyberAmp 320, Axon Instruments, Union City, CA), filtered (0.1-8 kHz band-pass) and monitored visually and aurally. The amplifier output was fed to an A/D interface (CED 1401) connected to a computer running Spike 2 software (versions 5 or 6, Cambridge Electronic Design, Cambridge, UK). Presumed DA neurons were characterized by a slow and irregular firing pattern (0.5-10 Hz) and bi-or triphasic action potentials with a predominant positive component, a negative component followed by a minor positive component, with an overall duration Ͼ2.5 ms (Grace and Bunney 1983). To establish a baseline firing rate and pattern, neuronal activity was observed for 5-10 min before compound injections. In a subset of experiments, apamin (80 M) was administered locally to cells through the tip of the recording pipette via passive diffusion. In these experiments, DA cells were first recorded with saline-filled (control) electrodes before switching to apamin-filled pipettes. Following completion of the experiments, dye spots were left at the recording site by iontophoresis of fast green dye (20 -30 min, Ϫ20 A). The mice were then decapitated and their brains removed and sectioned for histological verification of the position of the electrode.
Data analysis
Data were analyzed using the Spike 2 and SigmaPlot 10.0 (Systat Software) software. Spikes were reclassified and evaluated off-line using cluster analysis before they were subjected to further analysis to remove noise artifacts and/or spikes from non-DA neurons. Cumulative rate histograms were constructed on-line from discriminated action potentials and binned in 10 s intervals. To calculate firing rates and percentage of action potentials fired in bursts, 500 consecutive spikes were selected immediately before drug administration and at the time of maximal drug effect. Interspike interval (ISI) frequency distributions constructed from these spike series were used to compute the coefficient of variation (CV), which was expressed as a percentage and used as an index of the regularity of neuronal firing (Werner and Mountcastle 1963) .
Burst events were detected using ISI thresholds identical to those used previously (Grace and Bunney 1984a), henceforth referred to as the 80/160 method. In short, an ISI of Ͻ80 ms defined burst initiation, whereas its termination was defined by the next ISI Ͼ160 ms. All spikes within these limits were counted as spikes fired in 80/160 bursts. Use of the 80/160 method is limited by its dependence on firing rates. Our interest in independently assessing the effects of SK channel modulators on firing rate and discharge pattern necessitated the use of additional criteria insensitive to changes in firing rate. Autocorrelograms were constructed from 500 consecutive spikes and firing patterns categorized as regular (R), if three or more equally spaced distinct peaks were found; irregular (I), if zero to two peaks were present; and bursty (B), if one early-onset initial peak followed by a decay to a steady state occurred (Tepper et al. 1995) . Thus in this paper, the 80/160 burst detection method is applied to identify putative burst events for later quantification, whereas the nominal burst classification (henceforth referred to as RIB) exemplifies the general firing pattern of cells. Analysis of firing rate, ISI CV, percentage of spikes in 80/160 bursts and autocorrelograms were conducted using the Spike 2 script, FIABS.s2s (available at //www.ced. co.uk/upu.shtml).
Statistics
Paired t-test were used on normally distributed data in cases where the neuron could serve as its own control. Mann-Whitney U test was used for nonnormal distributions. Kruskal Wallis one way ANOVA on ranks and Dunn's post hoc test were used in comparisons of more than two groups of cells of which one or more were not normally distributed. Student's t-test were used for comparing control cells with cells recorded with apamin containing electrodes. Repeated measures ANOVA and Holm-Sidak post hoc tests were used to compare individual group means with normal distributions. The results are expressed as means SE. The level of statistical significance was set at P Ͻ 0.05.
Pharmacological agents
NS8593 and NS309 were synthesized at NeuroSearch A/S, Ballerup, Denmark as outlined in Strøbaek et al. (2004 Strøbaek et al. ( , 2006 . All remaining drugs and solvents were purchased from Sigma-Aldrich. The compounds were dissolved in 0.9% saline with 5-10%, Tween80 or 5% cremophor. Vehicle or saline had no statistically significant effect on any of the recorded parameters (n ϭ 10, data not shown). Fresh compound solutions were made up daily from frozen aliquots of stock solutions. For quinpirole dose response experiments, a fresh stock solution was made up every morning. When used for identification of DA neurons, stock solutions of quinpirole and eticlopride were kept at (ϩ5°C) and used for several weeks, without losing their efficacy as discriminating tools. Apamin (80 M) was dissolved in 1 M NaCl for use in recording electrodes.
Part of this work has been published in abstract form at the 2007 Neuroscience Meeting.
R E S U L T S
Spontaneous firing properties of SNc DA neurons in C57BL/6 mice
The results of the present study are based on extracellular recordings from 186 cells in 157 male C57BL/6 mice that fulfilled the selection criteria for SNc DA neurons. Figure 1A shows the characteristic extracellular action potential waveform of a spontaneously active DA neuron averaged over 10 s. Examples of the three typical firing patterns exhibited by these neurons are illustrated in Fig. 1B , and their ISI distributions and autocorrelations are shown in C and D, respectively. A cell exhibiting regular firing (Fig. 1B, top) is characterized by a narrow and normal distribution of ISIs giving rise to a low ISI CV and equally spaced peaks (times of increased firing probability) in the autocorrelogram (Fig. 1, C and D, left) . A bursty cell (Fig. 1B, bottom) is characterized by high-frequency firing (the burst) followed by periods of inactivity. This type of firing gives rise to a rightwardly skewed uni-or bimodal ISI distribution, a high ISI CV, and an autocorrelogram with an initial peak decaying to a steady state firing probability (Fig. 1, C and D, right) . The intermediate "irregular" cell is characterized by a flatter ISI distribution and zero to two peaks in the autocorrelogram (Fig. 1, C and D , middle) . Individual cells were classified as regular (R), irregular (I) or bursty (B) based on the characteristics of their autocorrelograms. As a group, 69% of the cells sampled were of the R-type, 26% were I-type and 5% were B-type. To further characterize the firing properties of the sample of mouse DA neurons and to compare these characteristics with data previously collected in the rat, we recorded the mean firing rate, the mean ISI, ISI CV and applied the 80/160 burst detection method (Grace and Bunney 1984a).
The general firing characteristics of the overall sample with respect to the three types of firing pattern are presented in Table 1 . Whereas firing rates and ISIs did not differ significantly between R-, I-, and B-type neurons; ISI CV and the percentage of spikes in 80/160 bursts differed significantly (H 2df ϭ 93.696 and 46.451, respectively; P Ͻ 0.001). Dunn's post hoc test revealed significant differences between R-type versus both I-and B-type but not B-type versus I-type neurons. Thus R-type neurons were generally characterized by a low ISI CV and few bursts, whereas the contrary was true for the B-type neurons. However, some fast firing R-type neurons exhibited high percentages of 80/160 bursts and some slow firing B-type neurons with high ISI CVs only exhibited few 80/160 bursts. Figure 1E illustrates the percentage of spikes fired in 80/160 bursts plotted as a function of spontaneous firing rate with symbols representing cells classified as R, I, or B. It is evident from this figure that the 80/160 burst definition progressively deviates from the RIB categorization at higher firing rates. At rates Ͻ6 Hz, only 1/82 R-classified cells fired Ͼ10% of its spikes in 80/160 bursts (0.7 Ϯ 0.2% of all spikes fired in bursts), whereas 9/26 I-classified cells and 8/10 Bclassified cells fired Ͻ10% of their spikes in 80/160 bursts (9 Ϯ 2.2 and 38 Ϯ 5.8% of all spikes fired in bursts for the two groups, respectively). Thus 15% of the sample with a spontaneous firing rate of Ͻ6 Hz (including all of the B-type DA neurons) fired Ͼ10% of their spikes in 80/160 bursts. However, 9 of 11, or 82%, of all cells firing faster than 8.0 Hz were scored as having Ͼ10% of the spikes occurring in 80/160 bursts (48 Ϯ 8.8% of all spikes fired in bursts). None of these cells were classified as B-type neurons based on their autocorrelograms, and their ISI CV was not significantly different from the group mean ISI CV (P Ͼ 0.1). Thus the 80/160 burst detection method does not reliably assort regular DA neurons from bursty DA neurons at firing rates higher than 8 Hz. Because unbiased burst detection was not possible for all mouse DA neurons, the subsequent analysis of drug mediated changes in firing pattern was based primarily on RIB categorization and ISI CV and secondarily on bursts identified using the 80/180 algorithm.
Induction of regular firing in DA neurons by systemic administration of NS309, a positive gating modulator of SK channels
SK channels tightly regulate the firing of DA neurons through their contribution to the mAHP. In the first series of experiments, we examined the effects of positive SK channel modulation on the spontaneous activity of SNc DA neurons by systemic administration of NS309.
NS309, administered intravenously in cumulative doses from 2.5 to 10 mg/kg iv, inhibited neuronal firing while higher doses invariably silenced DA neurons (data not shown). The typical response of an SNc DA neuron to NS309 is illustrated in Fig. 2 , A-C. This cell fired at a rate of 5.2 Ϯ 1.3 Hz in an irregular single-spike pattern (ISI CV: 30%) with 13% of the spikes fired in 80/160 bursts. Two doses of 2.5 mg/kg NS309 left the firing rate and pattern unchanged. However, after a third dose of 5 mg/kg (total cumulative dose, 10 mg/kg), the neuron fired at a lower rate (4.3 Ϯ 0.2 Hz; Fig. 2A ). No apparent effect on single spike height or duration was observed but the firing pattern became more regular (ISI CV: 14%; Fig.  2B ) with the percentage of spikes in 80/160 bursts decreasing to 1.2%, changing the cell into a high-precision pacemaker with the number of peaks in the autocorrelogram increasing from 1 to 8 (Fig. 2C , left and right, respectively). Administration of the D 2/3 preferring agonist, quinpirole (64 g/kg) inhibited spontaneous firing, whereas subsequent administration of the D 2 antagonist eticlopride (0.5 mg/kg), reversed this effect, increasing the firing rate above control levels ( Fig. 2A) .
The effect of NS309 on a group of 10 SNc DA neurons is summarized in Fig. 2D . NS309 either increased the precision of firing or completely silenced the neurons at a dose of 10 mg/kg. Of the 10 neurons tested at this dose, five remained spontaneously active, and these were subjected to pattern analysis. Collectively, average ISI CV decreased by 34% (control vs. 10 mg/kg: t 3 ϭ 3.0; P Ͻ 0.05) and spikes in 80/160 bursts were reduced from 24 to 2%. The RIB ratios changed from 3:2:0 to 5:0:0.
For purposes of comparison, 1-EBIO, the prototype positive SK channel modulator, was also tested. A significant decrease in firing rate from 6.3 Ϯ 0.6 to 5.8 Ϯ 0.6 Hz occurred at 10 mg/kg (control vs. 10 mg/kg: t 7 ϭ 4.082; P Ͻ 0.05; n ϭ 8). None of the cells tested were silenced at this dose. Only weak tendencies toward a lower ISI CV and 80/160 bursting were noted, and the RIB ratios did not change (data not shown).
Induction of burst firing by systemic administration of NS8593, a negative gating modulator of SK channels
In the second group of experiments, we tested the effect of the negative SK channel modulator, NS8593, to determine whether this compound would exert effects opposite to those ascribed to the positive modulator. Figure 3 , A-C, illustrates the typical response of an SNc DA neuron to intravenous administration of cumulative doses of NS8593 totaling 30 mg/kg. Before injection, the neuron fired steadily at 3 Hz giving rise to a symmetrical ISI distribution (Fig. 3B, left) with an ISI CV of 16% and no 80/160 bursts. Based on the six distinct peaks in the autocorrelogram (Fig. 3C,  left) , the cell was characterized as R-type. Three consecutive doses of 10 mg/kg NS8593 were administered in 8-min intervals. Each dose increased the firing rate (maximal response Sample statistics for mouse substantia nigra pars compacta (SNc) dopamine (DA) neurons categorized as regular (R), irregular (I), or bursty (B) on the basis of their autocorrelogram shape. Table shows medians in bold followed by 25 and 75% quartiles. FR, firing rate; interspike interval, ISI; coefficient of variation, CV. See experimental procedures for definitions of ISI CV and 80/160 bursts. Between groups R was significantly lower than both I and B for ISI CV and 80/160 bursts, *P Ͼ 0.05 (Kruskal-Wallis one-way ANOVA on ranks, Dunn's all pair-wise comparison procedure).
within 3-8 min) and induced a more random pattern. NS8593 did not change the shape of single spikes but closely spaced spikes often exhibited progressively reduced amplitudes and increased durations. During the period of maximal excitation, the firing rate increased by 46% to 4.4 Hz and the ISI CV increased to 72% with 30% of the spikes discharged in 80/160 bursts. Both the number of short intervals occurring within bursts and the number of longer intervals between bursts were increased resulting in an ISI distribution that was skewed in the direction of long intervals (Fig. 3B, right) . At the time of maximal increase in firing rate, the autocorrelogram became flattened after the initial rise, indicative of a switch to irregular firing (Fig. 3C, right) . Both the rate and pattern-dependent effects of NS8593 were reversible. Thus in this example, firing rate and ISI CV returned to near pretreatment levels (rate: 3.4 Hz; ISI CV; 29%), 80 min after the last injection. Bursting activity had also nearly ceased with ϳ2% of the spikes fired in 80/160 bursts. As in the previous experiment, quinpirole (64 g/kg) inhibited firing, while a subsequent injection of eticlopride (0.5 mg/kg) reestablished activity.
The effects of NS8593 were quantified for single injections of 3 or 10 mg/kg (n ϭ 11 for each dose; Fig. 3D ). Both doses increased firing rate by 5 and 28%, respectively (3 mg/kg: t 10 ϭ Ϫ3.2; P Ͻ 0.01; 10 mg/kg: t 10 ϭ Ϫ5.4; P Ͻ 0.001). Firing pattern became more irregular corresponding to average increases in the ISI CV of 35 and 84%, respectively (3 mg/kg: t 10 ϭ Ϫ7.3; P Ͻ 0.001; 10 mg/kg: t 10 ϭ Ϫ6.2; P Ͻ 0.001). The percentage of spikes in 80/160 bursts was also increased by two-and sevenfold, respectively (3 mg/kg: t 10 ϭ Ϫ2.705; P Ͻ 0.05; 10 mg/kg: t 10 ϭ Ϫ4.7; P Ͻ 0.001; Fig. 3C ). In general, R-type neurons changed classification into I-or B-type cells, whereas I-neurons changed to B-type. In 11 cells, the 6:5:0 RIB ratios changed to 4:3:4 after administration of 10 mg/kg NS8593 (Fig. 3, right) .
Induction of bursting by local administration of apamin, a selective pore blocker of SK channels
Negative modulation of SK channels by NS8593 is attenuated by increasing intracellular Ca 2ϩ concentrations (Strøbaek et al. 2006) , which may occur during periods of intense activity (e.g., bursts) (Canavier et al. 2007; Wilson and Callaway 2000) . To compare negative modulation of SK channel activity with pore block, the bee-venom component, apamin (80 M), was applied locally via diffusion from the tip of a recording electrode. This route of administration was chosen due to the poor blood-brain penetration of apamin and to secure fast and complete SK channel block (Ji and Shepard 2006) . To avoid contamination of the recording area, one to three control recordings using saline-filled pipettes were performed before switching to apamin-containing electrodes whereupon up to six additional cells were recorded per mouse.
Typical results are exemplified in Fig. 4 , A-C, which compare recordings made using control and apamin-filled elec- FIG. 2. Positive SK channel gating modulation by NS309 decreases spontaneous firing rate and regularizes the firing pattern of SNc DA neurons. A: cumulative rate histogram illustrating the effects of NS309 on an irregular firing SNc DA neuron. Three doses (2.5, 2.5, 5.0 mg/kg) of the compound were injected in 5 min intervals ϳ10 min after the start of the recording. Quin and Etic indicate injection of the DA D 2/3 receptor agonist, quinpirole (64 g/kg) and DA D 2/3 receptor antagonist, eticlopride (0.5 mg/kg), respectively. All drugs were administered intravenously with vertical arrows indicating the time of injection. Horizontal bars (1 and 2) denote regions used to compile ISI histograms (B) and autocorrelations (C). B: representative spike trains (10 s) and ISI histograms compiled from the cell illustrated in A ϳ10 min after the last dose of NS309 (cumulative to 10 mg/kg iv). Note the narrowing of the ISI distribution indicative of an increase in the precision of firing. C: autocorrelograms compiled before (left ) and after (right) NS309. Note the change from few (I type) to many distinct peaks (R type). D: group effects of NS309 (2.5, 5, and 10 mg/kg iv) on firing rate (top left, n ϭ 10), coefficient of variation (CV, top right, n ϭ 5) and percentage of spikes in bursts (bottom left, n ϭ 5). The relative proportions of R, I, or B cells before and after NS309 administration (10 mg/kg, n ϭ 5) are illustrated (bottom right). Categorization of neurons as described in the legend accompanying Fig. 1D . C: control. Significance levels vs. control are marked (* P Ͻ 0.05; ** P Ͻ 0.01; One way ANOVA and Holm Sidak (firing rate and CV), Kruskal Wallis one way ANOVA on ranks (80/160 bursts). trodes in the same animal. Despite nearly identical firing rates (control: 6.4 Ϯ 0.1 vs. apamin: 5.8 Ϯ 1 Hz), the two SNc DA cells exhibited large differences in firing patterns (Fig. 4, B and  C) . The neuron recorded under control conditions fired regularly with symmetrically distributed ISIs (CV, 30%; 8.8% spikes in 80/160 bursts) and 12 distinct peaks in the autocorrelogram. By contrast, the cell recorded using an apamin-filled pipette showed pronounced bursting activity, a strongly skewed ISI distribution (CV, 97%; 71% spikes in 80/160 bursts) and a typical B-type autocorrelogram characterized by an initial peak followed by a more or less flat part. Notably, apamin-induced bursting in vivo exhibited the characteristic progressive decrease in spike amplitude typical of "natural" bursts (Fig. 2B, inset) .
In all, 32 cells were recorded under control conditions and an additional 36 neurons with apamin-containing electrodes in a total of 26 mice. Between groups, the cells showed no differences in firing rate (Fig. 4D , top, P Ͼ 0.4), whereas the firing pattern was dramatically changed toward highly irregular or burst activity as evidenced by a 349% increase in the ISI CV (T n ϭ 32,36 ϭ 596.0; P Ͻ 0.001; Fig. 4D, top right) . Of the cells recorded using control electrodes, 16% had an ISI CV Ͼ40%, while this number was increased to 83% in the sample obtained using apamin-filled electrodes (Fig. 4D, bottom left) . The percentage of spikes in 80/160 bursts increased fivefold (T n ϭ 32,36 ϭ 660.0; P Ͻ 0.001). The RIB ratios of 3:12:21 in 36 cells recorded with apamin containing electrodes differed significantly from the 27:3:2 RIB ratios in the 32 control cells recorded in the same animals (X 2 ϭ 40.2; P Ͻ 0.001; Fig. 4D , right).
Regulation of burst firing via SK channels is insensitive to modulation of D 2 receptors
To further evaluate the characteristics of burst firing facilitated by reduced SK conductance in vivo, we determined whether autoreceptor activation by the dopamine D 2/3 receptor agonist quinpirole would affect bursting elicited by local application of apamin. To accomplish this, separate groups of DA neurons, recorded using saline-or apamin-filled electrodes, were tested with cumulative doses of quinpirole (4 -256 g/kg iv) followed by a single dose of 0.5 mg/kg eticlopride. Figure 5A shows a representative experiment conducted using an apamin-filled electrode. Systemic administration of quinpirole decreased neuronal activity eventually resulting in a cessation in firing that was antagonized by eticlopride resulting in an overshoot (42% increase) in firing rate compared with baseline. The firing pattern continued to be bursty (B-type) even at the highest dose of quinpirole and a Ͼ50% reduction in firing rate (ISI CV: 151-238%; spikes in 80/160 bursts: 89 -74%, respectively). Both control and apamin-treated neurons exhibited a similar dose-dependent decrease in firing in response to quinpirole (Fig. 5B) . The dose of quinpirole needed to inhibit DA neurons in control and apamin-treated cells by 50% did not differ between treatment groups (93 Ϯ 32 vs. 113 Ϯ 45 g/kg; P Ͼ 0.7). Having established that there was no functional short term interplay between activation of autoreceptors and block of SK channels, we went on to examine whether the quinpiroleinduced decrease in firing rate significantly altered firing pattern under control conditions and during apamin-induced bursting. To accomplish this, cells that exhibited approximately a 50% decrease in firing rate in response to quinpirole were selected from control and apamin treatment groups (n ϭ 6 and 7, respectively). Neither control nor apamin-treated cells showed a significant change in ISI CV (Fig. 5C , middle) in response to ED 50 of the DA agonist. Quinpirole eliminated the small amount of spontaneous 80/160 bursting in control records (Fig. 5C, right) and reduced the number of cells classified as irregular firing (Fig. 5D, left) . Quinpirole also reduced the number of irregular firing apamin-treated cells but in contrast to control recordings failed to alter the percentage of spikes in bursts (Fig. 5C ) or the proportion of cells classified as burst firing (Fig. 5D, right) .
Eticlopride (0.5 mg/kg) fully antagonized the inhibitory effects of quinpirole on control and apamin-treated cells, often overshooting the prequinpirole firing frequency (control: 5.4 Ϯ 0.5 to 6.0 Ϯ 0.5; t 11 ϭ Ϫ2.99 P ϭ 0.01; n ϭ 12; apamin-treated: 5.3 Ϯ 0.5 to 6.6 Ϯ 0.3 Hz; t 11 ϭ Ϫ4.1; P Ͻ 0.005; n ϭ 12,). Firing pattern did not appear to be altered by the antagonist. Similarly, administration of eticlopride to control rats (no quinpirole, no apamin) increased significantly the firing rate (5.9 Ϯ 0.6 to 6.7 Ϯ 0.8 Hz, t 8 ϭ Ϫ2.972; P Ͻ 0.05; n ϭ 9) without altering the CV, percentage of spikes in 80/160 bursts, or the proportion of RIB firing neurons (data not shown).
D I S C U S S I O N
Murine DA neuron phenotype and spike pattern categorization
The general firing properties of the SNc DA neurons in this study met the well established criteria for establishment for electrophysiological identification of dopamine neurons in the rat (Grace and Bunney 1983) and were in accordance with previous mouse studies (Brazhnik et al. 2008; Paladini et al. 2003; Robinson et al. 2004; Sanghera et al. 1984) . We found that the in vivo physiological properties of mouse SNc DA neurons in many respects were similar to those reported from rat DA neurons, although the average firing rate of our sample was ϳ1 Hz higher than most reports from rat SNc DA neurons. As a consequence of the slightly faster average firing rate, we experienced that the conventional method (Grace and Bunney 1984a)(here called the 80/160 method) detected a significant number of "false bursts" in cells firing 8 Hz or more on average. This especially confounded experiments with administration of compounds that increased the firing rate. In a particular example, eticlopride application induced a 2 Hz increase in firing rate of a DA neuron and changed the percentage of spikes fired in 80/160 bursts from 3 to 80%, although the firing pattern remained clearly pacemaker-like (ISI CV 20 -26%). We circumvented the burst detection problem by qualitatively characterizing the average firing patterns as regular, irregular or bursty (RIB) based on autocorrelogram phenotype (Tepper et al. 1995) , while still keeping track of quantitative measures (CV and 80/160 burst detection). Hence overall conclusions on bursting and burst inducing abilities of specific compounds are throughout based on a balanced evaluation of these parameters. 
Positive and negative SK channel modulation in vivo
In the present study, intravenous administration of the positive SK channel modulator, NS309, reduced firing rate and bursting activity, increased the symmetry of ISI distributions as well as the predictability of spike positions in autocorrelograms. At doses Ͼ10 mg/kg, NS309 induced a complete cessation of spontaneous firing. Comparable results were observed in brain slices (Ji et al. 2009 ) at concentrations Ͼ3 M reflecting activation of NS309-modulated SK channels at the "resting" intracellular Ca 2ϩ concentrations (Hougaard et al. 2007) .
NS309 decreases the EC 50 value for activation of SK channels by intracellular Ca 2ϩ (Hougaard et al. 2007 ) in a concentrationdependent manner by increasing its apparent affinity for Ca 2ϩ (Pedarzani et al. 2001) . A recent mechanistic study demonstrates that NS309 facilitates the interaction between CaM-Ca 2ϩ and the SK channels rather than increasing the binding affinity of Ca 2ϩ to CaM per se (Li et al. 2009 ). NS309 is ϳ1,000 times more potent than the prototypical SK channel modulator 1-EBIO (Hougaard et al. 2007; Strøbaek et al. 2004 ) and more selective, augmenting the apamin-sensitive component of I AHP in hippocampal CA1 neurons but not the neurotransmitter-sensitive (but apamin-insensitive) I sAHP (Pedarzani et al. 2005) . In SN DA neurons from midbrain slices, it increases the amplitude and duration of the AHP (Ji et al. 2009 ). The potency difference between NS309 and 1-EBIO may explain the less pronounced effects of the latter observed in the present study. Furthermore, because the effects of NS309 mirrors the increase in the precision of DA cell activity following systemic administration of the centrally acting muscle relaxant drugs, such as zoxazolamine (McMillen et al. 1992) , these data support the premise that positive modulation of SK channels are responsible for the actions of these drugs on DA neurons.
NS8593, a negative SK channel modulator, has the opposite effect, increasing the apparent EC 50 -value for Ca 2ϩ activation of heterologously expressed SK channels, depressing the SK component of I AHP in hippocampal CA1 neurons (Strøbaek et al. 2006) and inducing burst/irregular firing in DA neurons from midbrain rat slices (Ji et al. 2009 ). Administered intravenously to anesthetized mice, NS8593 caused a fast (1-2 min), dose-dependent (minimal effective dose, ϳ3 mg/kg), and reversible (20 -30 min) increase in bursting as evidenced by a twofold increase in the ISI CV, increased skewness of ISI distributions, a sevenfold increase in the percentage of spikes fired in 80/160 bursts, and a decreased predictability of autocorrelogram spike positions.
Reducing the SK conductance in mouse SNc by systemic NS8593 is qualitatively similar to the observed effect of SK channel pore block by local administration of apamin. A closer comparison reveals differences, however, including a more pronounced decline in action potential amplitudes of bursts recorded in the presence of apamin. Obviously, this may reflect the difference between local disruption of intrinsic pacemaking of DA neurons versus the effect of remote SK channel inhibition influencing network activity, which is likely considering the widespread expression of SK channels in the mouse brain (Sailer et al. 2004 ) and the functional importance of SK channels in brain regions projecting directly to SNc neurons such as GABAergic neurons in the substantia nigra pars reticulata (Yanovsky et al. 2006) or glutamatergic subthalamic neurons (Hallworth et al. FIG. 5. Apamin-induced bursting in SNc DA neurons is independent of firing rate and activation state of the D 2 receptor. A: representative rate histogram from a burst firing SNc DA neuron recorded with an apamin-containing (80 M) electrode illustrating the rapid dosedependent inhibition of firing by quinpirole (Quin,16-256 g/kg iv) and reversal by eticlopride (Etic, 0.5 mg/kg). Quinpirole was administered using a cumulative dosing strategy in which each dose doubled the previously administered dose. 2, time of injection. B: semilog doseresponse relationship comparing the effects of quinpirole on the activity of DA neurons recorded under control conditions (black circles, n ϭ 4-17) or using apamin-containing electrodes (black squares, n ϭ 14-15 neurons). Firing rates were averaged over 30 s immediately before (C) and after successive injections of quinpirole. *, significant differences vs. control (prequinpirole) firing rate (** P Ͻ 0.01; two-way RM ANOVA; posthoc, Holm Sidak method for multiple pair-wise comparisons). C: bar graphs comparing the effects of an approximate ID 50 dose of quinpirole on firing rate (left) ISI CV (middle), and 80/160 bursting (right) between groups of cells recorded using control (white bars, n ϭ 6) and apamin-containing (striped bars, n ϭ 7; paired t-test) electrodes. D: stacked bar charts illustrating the relative proportion of regular (R), irregular (I) and bursty (B) cells before and after an ED 50 dose of quinpirole in DA neurons recorded using control (C) and apaminfilled recording electrodes. Note that quinpirole failed to reduce the proportion of cells classified as bursty.
2003). However, two observations make this interpretation unlikely: First, we have previously shown that apamin applied locally to rat DA neurons in vivo elicit indistinguishable bursting activity compared with the effects of long term intravenous application (Ji and Shepard 2006) . Second, Ji et al. (2009) , recording from rat midbrain slices, reported the occurrence of small amplitude spikes during the plateau phase of bursting activity elicited by NS8593 in vitro, whereas "late plateau" action potentials were not observed during apamin induced bursting, presumably as a result of the induction of depolarization block. Thus we favor the hypothesis that the present finding reflects mechanistic differences between reversible negative gating modulation (NS8593) and irreversible pore block (apamin). The inhibitory effect of NS8593 is ameliorated with increasing SK channel open state probability, whether achieved by increased intracellular Ca 2ϩ concentration or by addition of NS309 (Ji et al. 2009; Strøbaek et al. 2006 ) in contrast to the apamin block, which is independent of the degree of channel activation. Thus it is conceivable that maximal NS8593-inhibition of SK channels develops during the interburst intervals when intracellular Ca 2ϩ levels are comparatively low, whereas the increased [Ca 2ϩ ] i , building up during a burst, attenuates NS8593 inhibition, allowing reactivation of SK channels. This promotes spike frequency adaptation and improved Na v channel repriming. Similarly, the increase in firing rate after NS8593-in comparison with apamin administration-may also be related to less pronounced Na v inactivation.
Independent modulation of firing rate and pattern
Interestingly, systemic application of the D 2 receptor antagonist eticlopride increased firing frequency of mouse DA neurons without significantly affecting bursting activity (disregarding here occasional "false bursts" detected by the 80/160 method at higher firing frequencies). This was the case both when added to a cell dominated by regular firing or when applied on strong burst induction with apamin. This lead us to investigate systematically, whether there is a relation per se between bursting (as induced by apamin) and the firing rate (as regulated by different doses of the D 2 receptor agonist quinpirole). Data clearly show that bursting is not coupled to the overall firing rate of DA neurons and thereby occurs independently of the activation state of the D 2 receptor and thus independently of the degree of GIRK channel activation. These observations are consistent with previous data showing that neither local ribosylation of G i/o by pertussis toxin (Innis and Aghajanian 1987; Shepard and Connelly 1999) nor antisense knockdown of D 2 /D 3 receptors (Tepper et al. 1997 ) altered the firing pattern of DA neurons. Collectively, the data are thus in accordance with the proposition that endogenous neuronal firing pattern and integrated firing rate of DA neurons are independently modulated. It is interesting to note in this regard that mesocortical mouse DA neurons, which tend to be clustered in the more medial aspects of the VTA, express low levels of SK channel mRNA and protein (Lammel et al. 2008; Wolfart et al. 2001) , suggesting that the relatively low SK channel activity may predispose these neurons to a higher incidence of bursting activity.
Conclusion and further implications
The present results show that modulation of the apparent Ca 2ϩ affinity of SK channels strongly influences firing pattern and activity of DA neurons in vivo. The data confirm the importance of SK channels for rhythmicity and precision of firing, and in particular demonstrate the Ca 2ϩ sensitivity of the gating process as a biophysical parameter of utmost importance for pharmacological regulation of dopaminergic activity.
It is tempting to view this conclusion in the light of the emerging picture for physiological regulation of (at least) SK2 channels via the cassein kinase (CK2)/PP2A protein phosphatase system, which controls the phosphorylation state of the SK2-associated CaM (Allen et al. 2007; Bildl et al. 2004 ): Full CaM phosphorylation results in a reduction in the apparent Ca 2ϩ sensitivity of the channel, an effect that is quantitatively [EC 50 (Ca 2ϩ ) shifts from Ϸ0.4 to Ϸ1.2 M] identical to the effect of a near saturating effect of NS8593 (Strobaek et al. 2004 ). Populations of SK2 channels with different Ca 2ϩ sensitivities have been demonstrated in excitable cells (Bildl et al. 2004) , and in superior cervical ganglion sensory neurons, activation of noradrenaline and somatostatin receptors can inhibit SK2 channels in a CK2-dependent fashion (Maingret et al. 2008) . Despite proteonomic evidence it remains to be settled whether SK3, the predominant SK isoform in DA neurons, can be functionally regulated by the CK2/PP2A system. This study predicts that a putative physiological regulation of this kind would have significant impact on firing pattern and likely also the input/output relation of DA neurons. 
